Abstract-We propose a solution for whole-body humanoid haptic sensing and safe interaction that is based on combining layered three-level modules. The inner module (closest to the link) consists in a bumper attached to the link through few force pressure units mounted in a way to measure the external wrench acting on the link. The second module, covering the bumper, consists of a thin matrix of different pressure tactile units, which main role is to detect contact locations and secondarily contact pressure distributions. The third module, covering the previous one, being a compliant foam which main role is to ensure safe interaction and robust contact formation. This paper focuses on the tactile matrix concept and its realization, the obtained results are reported.
I. INTRODUCTION
Reliable haptic sensing and safe interaction are essential in applications where robotic systems operate in collocated spaces with humans, e.g. achieving close-contact physical (i.e. haptic) joint actions [1] , or in applications where performing full-body contact motions is needed [2] . While these examples apply for a variety of service robotics contexts (and even industrial ones), their complexity increases when humanoid robotic is addressed. For example, in close humanhumanoid physical interaction, safety is critical for both the human and the robot because of the non-limited operational space of humanoid robots and also their critical equilibrium constraint. Close-contact interaction with humans for assistance and acyclic motions in constrained environments requires whole-body haptic sensing and safety systems. Whereas haptic sensing systems's weight, power supply and many other technical issues might not be too constraining in fixed-based robots, they become crucial in humanoid robots where all must be integrated and embedded.
In our recent whole-body acyclic motion experiments, where the HRP-2 humanoid robot is allowed to take support using any part of its body with its surrounding environment, e.g. stand and get-out-of, or sit-on, a chair [3] , we noticed that whole-body haptic sensing is mandatory in order to (i) deal with uncertainties that are due to the discrepancies between the environment model and the reality, and (ii) close the loop for a multi-contact stabilizer. Without haptic sensing, our multi-contact planning is limited and not robustly reproducible. Haptic sensing is also essential in the field of Human-Robot Interaction (HRI), where the contact may interfere or contribute with the robot. More importantly, haptic sensing may develop the robot behavior. In this case A. Kheddar are with CNRS-UM2 LIRMM, Montpellier, France and CNRS-AIST JRL, UMI3218/CRT, Tsukuba, Japan e-mail: kheddar@lirmm.fr A. Billard is with the LASA, EPFL, Switzerland e-mail: billard@epfl.fr the tactile information is a form of mediated communication between the human user and the robot, from which the human intention can be interpreted and the behavior learned. These aspects are well documented in [4] . In whole-body haptics, practical problems in tactile sensing grow in complexity, to cite a few: the wiring becomes a nightmare with the increasing of the sensing areas, so does the power consumption and the weight (mobile robots), the data flow, etc. Another limitation of most tactile sensors is that they usually measure only normal pressure, whereas interactions between the robot and its environment (e.g. stability in sustaining a contact) needs, in most configurations, the measurement of shear forces, also called tangential forces. The requirements that drove our approach are the following:
• Whole-body coverage (i.e. wide areas); ideally this means that weight, wiring, power consumption... should be considered as priority and critical issues in early design.
• Location, on the robot, of contact areas, measurement of the applied pressure and of the full wrench externally applied on the link.
• Usage of a flexible outer cover in order to absorb impacts due to desired or not desired contacts, and to comply with surface profile, asperities or roughness (robust contact formations).
• Embedding of the processing electronic unit with minimum wiring, signal processing, latencies, and reduce data size to reduce the flow on the robot's field network or bus; ideally this means that only data of high-level control are exchanged with the central unit.
• Modular, quickly demountable, interchangeable with an easily maintenance and life cycle; ideally for industrialization purpose.
• not costly, light and with the smallest thickness of the overall coverage; ideally not jeopardizing the humanoid's range of motion while being able to serve aesthetic concern of the robot's shape.
The first requirement (wide coverage) is one of the key issues of our design. It is also the basic constraints from which derive all the others. Most of the work done in tactile sensing and the commercially available solutions apply mostly to small sensing areas with high accuracy and resolution mainly used to cover robot grippers for the purpose of dexterous manipulation or machine haptic perception. They are costly and their power and processing units are generally not optimized for integration in embedded robotic hardware that have very little, if not limited, space (e.g. humanoids). Moreover, they generally hardly scale to larger surfaces (whole-body). For example, the tactile sensing system from NITTA Corporation 1 or the force sensors from Tekscan 2 are very thin solutions, flexible and efficient, but also extremely expensive for few centimes squares of surface. The power and logic processing electronics is not integrated and requires much space. That is the reason why we decided to design a solution covering wide areas of the humanoid robot that is able not only to locate contact, but also to measure the contact location and pressure and to evaluate external wrench caused by applied external forces on each link, see e.g. in [6] . Localized processing units in each link is also adopted in our design. This reduces the wiring and allows distributed processing on the measured data. Only data needed for high-level planning and control is transmitted to the central unit upon request. Moreover, if each link has a local reactive-control processing unit, they can be fed by local sensing processing more efficiently, what consequently reduce overflowing the robot's bus or field-network.
With all the above considerations, this paper proposes a mechatronic design that builds on a pragmatic solution driven from exchanges and discussions with humanoid robot companies (namely, Kawada industries and Aldebaran Robotics). The solution is easy to maintain and to evolve because of its modularity. It has been designed with the objective of a future industrialization. Our idea is not a novel material or a novel physical principle for tactile technology; it is rather a novel conceptual design that allows haptic sensing and safe interaction to be modularized and layered into combined functionalities. This work is a continuation of our previous published one [5] where the compliant cover design was discussed: here, we focus on the tactile contact sensing layer and its embedded integration. The force sensor layer, the rigid bumper and the testing on the iCub forearm as a prototype will be detailed in an other publication.
II. OVERALL DESCRIPTION OF THE HAPTIC SENSING

SOLUTION
Considering our requirements, we propose a solution able to detect and evaluate multiple contacts and to measure the resultant external wrench on each humanoid's link, for a cost, a weight and a thickness that are as reduced as possible. It consists of a modular system which combines simple technologies in a multilevel design described in Fig. 1 . Starting from a bare robot's link, we attach to it a rigid simple shaped cover (bumper) via a set of distributed pressure units, whose combined measurements enable to compute the external wrench of each link. This can be seen as a local 6D force sensor which is not mounted so as to attach the link to its precedent one as traditionally done in robotics. Therefore, the measured applied forces do not comprise the link's weight or inertia effects, compensation of which needs to be computed; these computations are always noisy because they call for robot dynamic computations that require knowledge on torques and joint velocities and/or accelerations. The bumper is covered by a flexible tactile sensing sheet, see Fig. 1 . The role of this tactile matrix is to sample the contact spots on each link. That is, where contacts occur and, for each contact, an estimate of its area, barycenter and, secondarily, pressure distribution. This tactile sensing layer is covered with a thin compliant cover. Its role is (i) to absorb collision by complying long enough as for the robot to detect and react to it, (ii) to comply with the shape and asperities of the support (contact spot on the environment) in case of acyclic motion, and (iii) to provide a soft contact for HumanRobot Interaction. In our previous work [5] we detailed the reason for the choice of a flexible outer cover and provided a tool to optimize the thickness of such a compliant layer.
We also embedded a processing unit within the link to reduce wiring, data overflow, and latencies. The local electronic processing unit reads data from the tactile matrix and the wrench pressure units; it is positioned inside, at some place between the link and the bumper. For maintenance reasons it is better to attach it to the link rather than the bumper.
The fact that our solution consists in several successive layers each accomplishing one and only one specific function enables to modify or replace any layer/functionality independantly from the other. Consequently, we meet requierments in terms of maintainability and the capability for the haptic sensing system to evolve with technological improvements. Moreover, the humanoid robot providers requested the option to commercialize each module separately. They also constrained us to use only commercial mature technologies, in order to reduce the costs and ease the industrialization process of the overall system.
III. TACTILE SENSING MATRIX
The tactile sensing sheet covers the rigid bumper previously mentioned, its role being mainly to locate contact positions on each link and secondarily to measure for each of them the applied pressure and its distribution. In its simplest form, it can be a binary switch as we did in [5] , but mechanical miniature switches exhibit strong non-linear behavior and do not measure pressure but only detect contacts over a given threshold. We investigated several other technology candidates from the state-of-the-art. The idea is to have the thinnest possible sheet of tactile screen with taxels. Considering existing work, it appears that there are two aspects to consider: (i) the technology used, and (ii) the structure of the sensor.
Tactile sensors on the cover (also abusively called 'artificial skins') have been investigated since long ago: a large amount of work and technologies have been proposed. A lot of them focused on the fingertip and hand area, to improve dexterous manipulation. However, more and more solutions are currently addressing the issue of large area coverage, and we will particularly focus on that aspect. Each presents pros and cons few of them fit the constraints that we imposed, yet they can be adopted. In [7] , a sensitive skin is developed on the basis of single sided electrode units covered by a conductive rubber with a resistivity which depends on the applied pressure. Their solution uses a common reference and one wire by taxel. If this is a significant progress compared to the previous solutions, with two wires per taxel, this will still imply a high number of wires and a complex multiplexing when covering wide areas. Other options have been investigated using this technology in [8] and [9] for instance, with different architectures to address particularly the problem of wiring. They both implemented their tactile unit into a grid structure, i.e. a line and column wiring structure, the sensing units being placed at the intersections. We consider this structure as a very good compromise between performance and wiring complexity. For example, the system shown in [10] uses the same kind of conductive rubber but goes one step further in the reduction of the number of wires by using electrical impedance tomography that allows measurement only on the borders of the skin to obtain pressure distribution, and managed to use only 16 wires for a very wide area. Yet, the computing cost is high and cannot be done in real-time on an embedded micro-controller. Those solutions using conductive rubber also have the advantage to play the role of an outer flexible cover, combining two of the functions we want to implement in one layer, but need to be insulated to avoid impedance perturbations if in contact with a conductive material.
Other technologies based on different physical principles have also been explored. Some are based on various optical effects to acquire tactile information. A interesting way to use optical sensing to measure applied forces is proposed in [11] . It consists in three infrared LEDs on the down face of a polyurethane cube, and facing it a truncated pyramid with a photo-receptor on each face. This solution is very interesting, especially because it is able to measure shear forces with a single taxel and by arranging those cells into a network, it realizes a full scale tactile matrix. Nevertheless, the high power consumption of each cell implies heating and very high power consumption at high scale. Also, due to the thickness and the weight of the individual taxel, it can only be implemented on a mobile robot with sufficient resolution and coverage with great difficulty.
The recent EU project RoboSKIN uses the POSFET technology (Piezoelectric-Oxyde-Field-Effect-Transistor), as presented in [12] for example, and also capacitive cells [13] . This solution consists in triangular elementary elements, using 12 points measuring the normal pressure and an embedded chip, able to connect and to communicate with another to realize a network of elements. This aspect is particularly interesting as this modular aspect enables to cover almost any surface with simple elements connected together. However, the power consumption of the embedded electronic, although quite low for an individual module, will quickly increase with the covered area.
Considering all these aspects, we decided to design our own solution despite their very interesting characteristics. To realize these functions, we design a sheet made of assembled flexible PCBs, ensuring the support and the wiring for the sensing units, and the sensing units themselves. The area to cover on the forearm is 11 × 25cm. We set the matrix resolution to 1cm. This value corresponds roughly to the resolution of the human skin covering non-very-sensitive body parts (e.g. arms contrarily to fingertips, lips, etc.). We also considered it sufficient for the kind of interaction tasks we are aiming for. Before designing this tactile sensing layer, we carried out on ten adults a brief study to determine what they consider as the minimum force the robot should detect, and as the maximum force they would apply on the forearm in the case of a Human-Robot Interaction. That led us to the result that our system should detect a minimum range of 0.5N to 10N, this being detailed in Tab I. For the sensing units, we decided to realize them by screen-printed resistances with a pressure variable resistor ink; the ink 118-44 is provided by Creative Materials. This kind of ink has already been used by [14] for a fingertip tactile sensor, or in [15] to realize a force sensor, and it showed interesting properties. Its electrical characteristics are a sheet resistivity of 10 MΩ/sq/mil without pressure and as low as 300KΩ/sq/mil under pressure. This solution has indeed the advantages to be very thin, the thickness of the flexible PCB being 0.15mm and of the ink printing 0.05mm, and light. The geometry of the resistance is represented on Fig. 2 .
Considering that geometry, the resistance can be expressed according to the resistivity as:
where ρ is the resistivity, L the length, W the width and t the thickness of the printing. For our design, we have L = 6.2mm, W = 6.6mm and t = 50μm, what give us a theoretical We then evaluated the resistance of the printed taxels (i.e. tactile pixel), by applying a force with a dynamometer on a total of 30 taxels on five different elements of matrix, Fig. 6 . We consider the potential hysteresis effect of our solution, by applying increasing and then decreasing force on the taxels. The Fig 4 reveals that there is no noticeable hysteresis. The results of the evaluation are shown on Fig 4, for a matter of clarity it only shows the curves for seven taxels, the average value and the logarithmic interpolation. Note that the dispersion is quite important here, that is to say there are noticeable differences in the resistance-to-force function from one resistance to the other. We also noticed during this evaluation that the resistances we obtain are much higher than expected from the datasheet (or theory): from around 15MΩ without pressure to 7MΩ under a 15N normal force, this being a "strong" force according to the study previously mentioned. Those values are high but still measurable. The difference between the experimental and theoretical values and the dispersion may be explained by the fact that we do not know the actual composition of the ink, and we do not totally master the process of screen-printing for such material. It will be a focus point of our future technical improvement. We obtained by interpolation the model expressed by the equation (2), in the range of forces we want to measure. where R m is the resistance in Ω and F in N.
As mentioned earlier, we arranged those resistances into a 10 × 24 matrix, for a total of 225 measurement units, that is not a miscalculation, some lines are shorter in order to fit the shape of the shell with keeping an almost constant resolution. Wiring such a high number of taxels is a challenging issue, and different solutions have been tested.
The solution we propose consists in a grid structure, shown in Fig. 5 , with one wire per line and per column, for a total of 34 wires. The matrix does not consist only in resistances; it also needs diodes to be implemented in the matrix network, in order to avoid ghost effect and current dispersion. Indeed, when reading the matrix, the system powers one of the lines and measures the tension at the terminal of each column, and without these diodes, the current will go through the resistances into the other lines, interfering with the measures. The use of flexible PCBs is interesting because of its thinness, its light weight and the fact that it can contain tracks, reducing the necessary space for wiring, relatively to standard wires. Its flexibility also enables it to adapt to the shape of the bumper. We designed the matrix as an assembly of standard elements shown on Fig. 6 , whose schematic is the Fig. 5 . The point is again potential industrialization concern. Indeed, even if one element is shorter as said previously, they all can be screen-printed with the same screen directly one after the other, thus sparing tool cost and production time. To read the tactile matrix described earlier, we need an electronic processing unit, able to read the sensors, to make some rapid computations on the data and to transmit it to a PC or to the central unit of the robot. This electronic unit is common for the matrix and the force sensors, we focus here on the matrix. For reasons previously explained, we decided to embed it into the forearm. The available space we can dispose of is small, it consists in three adjacent locations inside the shell, whose dimensions are 32 × 38mm 2 for two of them, and 28 × 38mm 2 for the last one. Considering the available space and the functions we wanted to implement into that processing unit, we decided to make three small cards, sharing the functions. As shown on Fig. 7 , the three cards consist in an input card, realizing a voltage divider between a reference resistance and the input from the force sensors or the tactile matrix, a conversion card, converting the analogical voltage into a digital signal, and a computing card, driving the conversion card, multiplexing the lines of the matrix, computing the data and transmitting the results on an USB bus. They are shown on the Fig. 8 and described below. About the input card, it simply consists in voltage dividers, one for each input, between the resistance of the tactile matrix taxels and a reference resistance. These dividers give us a measure voltage expressed for the tactile matrix as:
where V m is the measured voltage, R m the one of matrix taxel, R 1 the reference resistance for the matrix, V cc the powering Fig. 8 . View of the embedded electronic unit that is to be integrated within each link.
voltage and V d the reverse voltage of the diodes included in the matrix. Using this relation and the equation (2), we obtain the applied force according to the measured voltage for the tactile matrix :
Using this equation, we could choose the reference resistance R 1 in order to improve both the force range and the sensitivity. We chose R 1 = 1MΩ, and obtained the following curves represented on the Fig. 9 . We first test our system on an experimental setup to validate its behavior. Before assembly on iCub, it is important to ensure that the system does what we expect, i.e. locates contacts and measures pressures. The setup consists in a wooden axis simulating iCub's forearm, on which we assembled the mechanical parts, we included the force sensors and the embedded electronic units inside the shell, and then we covered it with the tactile matrix, Fig 10. After the testing, it has been mounted on the iCub, Fig. 11 .
We tested the tactile matrix with different kinds of touch. Note, on Fig. 12 , several contact situations, we represented the pressure in gradient of red. The test is conclusive; the contact areas are placed where the contacts actually occurred and the pressure is higher in the center of the contact areas. We can also notice that our sensor is able to detect several simultaneous contacts. It is easy to compute from these data the connate areas, each of their barycenter and the total applied effort for example. We designed a solution that enables detection, localization and evaluation of multiple contacts together with for humanoid whole-body haptic sensing and safe interaction. Our solution is modular, light and quite thin. From the point-ofview of industrialization, the mechanical parts are realizable by industrial process as molding, and the modularity ensures a good maintainability and evolution. The future work will be to improve the accuracy and repeatability of the measures by improving the tactile matrix, to reduce the dispersion. It may partly consist in a redesign of the geometry of the resistive elements of the matrix, to reduce the resistance and improve the identity from one taxel to another, and in a amelioration of the screen-printing process. We will also extend it to larger areas, to covering several links and the body. We will also undergo more complex experiments on physical interaction and expect porting it to other humanoid robots (namely of Kawada HRP family and Aldebaran Robotics).
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